Abstract-In this paper a nonlinear thrust controller for fixed pitch marine propellers with torque loss estimation and an antispin strategy is presented. The controller, designed to operate in the four-quadrant plane composed by the shaft speed and the vessel speed, is a combination of a thrust controller developed for calm/moderate sea states and an anti-spin strategy to reduce power peaks and wear-and-tear in extreme sea conditions. The thrust controller aims at producing the demanded thrust independently from the propeller losses. The anti-spin algorithm lowers the shaft speed once large torque losses are detected and increases the shaft speed to normal when the loss situation is considered over. The torque losses are estimated with a nonlinear observer. The performance of the proposed controller is validated by experiments carried out in a towing tank.
I. INTRODUCTION
Speed and positioning control systems for marine vehicles are subject to an increased focus with respect to performance and safety. An example is represented by drilling operations performed with semi submersible rigs where the control of position and heading requires high accuracy. Drifting from the drilling position could cause severe damage to equipment and environment. Also, the use of underwater vehicles for deep ocean survey, exploration, bathymetric mapping and reconnaissance missions, has become more widespread. The employment of such vehicles in complex missions requires high precision and maneuverability.
The typical structure of the real-time control system of a marine vehicle is usually divided into three levels ( [1] , [2] , [3] , [4] ): guidance and navigation system, high-level motion control and low-level thruster control. This paper will focus on the latter.
In the overall control system, propellers play a fundamental role since they are the main force producing devices. The primary objective of the low level thruster controller is to obtain the desired thrust from the propeller regardless of the environmental state. Other criteria like the reduction of mechanical wear-and-tear and fuel consumption are often also considered when designing the low-level thruster control [5] . When a ship performs a marine operation, propellers are typically affected by thrust losses due to e.g. changes in the inline water velocity, cross flows, ventilation, in-and-out of water effects, wave-induced water velocities, interaction between the vessel hull and the propeller and between propellers. See for example [6] , [7] , [8] and references therein. Propellers may thus work far from ideal conditions. Therefore, the knowledge of the propeller thrust and torque, together with the thrust induced pressure force on the hull, is fundamental to achieve high control performance. Unfortunately a propeller system is usually not equipped with thrust and torque sensors, therefore thrust losses are not directly measured.
As reported in [9] , today's industrial standard for fixed pitch propellers is shaft speed control where the desired shaft speed is computed from the desired thrust through a static mapping. Conventionally, also torque and power control have been employed for propellers (see for example [9] , [10] and [11] ). Lately, also controllers for optimizing the propeller power consumption have been developed. See for example [5] . Experiments presented in [9] and [12] , showed that, in terms of produced thrust, the conventional shaft speed controller is the most sensitive to variations in the advance speed (the water inflow velocity to the propeller), followed by the power and the conventional torque controller. The power controller presents the smallest variations in the consumed power and it is usually employed if the power generators do not allow large power fluctuations. The conventional shaft speed controller gives generally the best results in terms of wear-and-tear of the mechanical parts. The torque controller gives the best results with regards to the thrust performance but still, like the other mentioned controller, does not use any information about the propeller working condition; therefore, when thrust losses occur, the degradation of the propeller performance may lead to unsatisfactory vehicle behavior.
In this paper a nonlinear thrust controller with improved thrust tracking capability with respect to the conventional propeller controllers is presented, extending the preliminary results described in [12] and [13] . The proposed controller is designed to operate in the full four-quadrant range of the propeller shaft speed and the vessel speed. Traditionally only positive shaft speed and vessel speeds are considered in literature. The overall control scheme is a combination of a controller for calm/moderate sea state and an anti-spin algorithm for extreme sea state, employed to reduce the power peaks and wear-and-tear when large thrust losses are experienced.
The key element of the controller for calm/moderate sea states is the estimation of the propeller thrust losses. The loss estimate is used to derive the propeller working condition, which allows improving the thrust production with respect to the conventional propeller controllers. The strength of the proposed approach lies in the fact that only the motor torque and the propeller shaft speed measurement, usually available on ships, are needed. The idea is to control the propeller shaft speed, where the speed reference is computed from the requested thrust to the propeller and the torque loss, estimated with a nonlinear observer.
A similar approach was presented in [14] , where a thrust estimate, computed from the propeller torque obtained with a Kalman filter, was used in a feedback loop in order to obtain the required thrust. The relation between thrust and torque involved an axial flow velocity model and required the knowledge of the advance speed, which is not necessary in the current work. The scheme was also highly sensitive to hydrodynamic and mechanical modeling errors. The performance was validated by simulations.
A propeller thrust controller for underwater vehicles was presented in [6] . They focused on the design of a propeller shaft speed controller with feedback from the estimated axial flow velocity in the propeller disc. The motivation for that work was the compensation of thrust losses due to variations in the magnitude of the propeller axial flow velocity. A linear approximation of the propeller characteristics was utilized. Hence, they could not guarantee accurate results in the full four-quadrant range of the propeller shaft speed and the vessel speed. In the present work, the proposed controller is able to operate in all the four quadrants and does not depend on the vessel dynamics.
A nonlinear model based open loop controller that involved the axial flow velocity was also reported in [15] . The focus was on the design of a thrust tracking controller exploiting the previously introduced nonlinear dynamic model [16] . The controller was designed only for Dynamic Positioning (DP) operations, where the vehicle velocity is small. Moreover, the model used lift/drag coefficients computed from the axial flow velocity, conventionally not measured on propellers. The controller was validated by simulations.
In extreme sea conditions high thrust losses are experienced, and controllers designed for calm/moderate seas may increase the shaft speed to large values in order to produce the demanded thrust.
When a propeller is affected by losses due to ventilation and in-and-out of water effect 1 [10] , the load on the propeller is reduced causing a drop of thrust [17] [18] [19] . In this case, an increase of the shaft speed does not always correspond to an increase of thrust. On the contrary, in [18] it was experimentally demonstrated that during ventilation, a reduction of the shaft speed may increase the propeller thrust. More importantly, large shaft speed may lead to severe dynamic loading of the propeller causing mechanical wear-and-tear. For this reason an anti-spin strategy has been added to the proposed nonlinear controller, reducing the shaft speed once large thrust losses are detected.
The anti-spin algorithm for marine propellers was first introduced in [18] and further developed in [20] and [7] . The cited anti-spin controllers were designed only for DP operations while the presented controller can operate also for maneuvering and transit operations, where the vehicle speed is larger than in DP operations. The performance of the controller has been validated by experimental tests carried out in a towing tank on an electrically driven fixed pitch propeller.
The paper is organized as follows. The overall propulsion system is described in Section II. The experimental setup and instrumentation are presented in Section III. Modeling of the propeller shaft dynamics, thrust and torque, and the open-water characteristics is treated in Section IV. The observer for torque loss estimation is developed in Section V. The thrust controller scheme is described in Section VI. The experimental results are presented in Section VII. Finally, the conclusions are given in Section VIII.
II. PROPELLER SYSTEM DESCRIPTION
We consider a propulsion system composed of an unducted fixed pitch propeller (FPP) driven by an electric motor. This is a common configuration on modern ships with diesel-electric propulsion systems. Contrary to the conventional arrangement where the prime mover diesel engine provides propulsion power and the auxiliary engines provide electricity, the dieselelectric propulsion system provides electricity (with a generator) for both propulsion and energy needs of the ship. A frequency converter is placed between the power bus and the motor which is usually coupled through a gearbox to the propeller shaft.
The motor torque applied to the propeller shaft, denoted Q m , is controlled by a motor drive based on the reference signal Q m d . The gear ratio is defined by R gb = ω m /ω, where ω m is the motor shaft angular speed and ω is the propeller angular speed. The propeller load is represented by the propeller torque Q p , due to the rotation of the blades in the water. The output of the system is the thrust T p produced by the propeller. 
III. EXPERIMENTAL SETUP AND INSTRUMENTATION
The tests were carried out at the Marine Cybernetics Laboratory ( http://www.itk.ntnu.no/marinkyb/MCLab/ ), an experimental laboratory located at NTNU in Trondheim. The basin, 6.45 m wide, 40 m long and 1.5 m deep, is equipped with a 6 DOF towing carriage that can reach a maximum speed of 2 m/s. The tank dimensions may appear too small for accurate open-water and dynamic tests due to the influence of previous motions, presence of walls and free surface motion. However, the variance of the results obtained was sufficiently small.
We employed a three phase brushless motor in combination with a drive equipped with a built-in torque controller and a built-in shaft speed controller. In this way we could choose to control the motor torque in order to obtain the desired motor torque or the shaft speed to obtain the desired ω. The built-in torque controller furnishes the desired motor torque practically instantaneously, since the dynamics of the electrical part of the system (frequency converter, stator and rotor) are much faster than the shaft dynamics. The control input can thus be represented by Q m = Q m d . The motor was connected to the propeller shaft through a gear-box with ratio 1:1.
The rig with motor, underwater housing, shaft and propeller was attached to the towing carriage in order to move the propeller through the water. The propeller geometrical parameters are given in Table I . The real-time system Opal RT-Lab R was used to interface the Matlab/Simulink R environment to the motor drive and the sensors. The propeller submergence h, defined equal to zero when the center of the propeller is at the water level and positive when the propeller is submerged, is measured with a water level probe. The shaft speed was measured on the motor shaft with a tachometer dynamo. Thrust and torque were measured with an inductive transducer and a strain gauge transducer placed on the propeller shaft, respectively. The measurement of the motor torque was furnished by the motor drive. All the signals were acquired at the frequency of 200 Hz. A sketch of the propeller system is shown in Fig. 1 . Pictures of the propeller system and the towing carriage are showed in Figures 2 and 3 , respectively. 
IV. PROPELLER MODELING

A. Propeller shaft dynamics
The shaft dynamics is derived by considering the motor connected to the propeller through a rigid shaft and a gear-box with gear ratio 1:1, as shown in the sketch of the experimental setup in Fig. 1 . The shaft is considered affected by a friction torque denoted by Q f (ω), which is assumed to depend only on the shaft speed. The shaft dynamics can be written as 
where J m is total moment of inertia accounting for the shaft, the gear box and the propeller. The friction torque has been modeled as
where the Coulomb effect, usually written as a sign(ω), has been replaced by the function 2 π arctan( ω ) with a small positive , in order to avoid the discontinuity for ω = 0. The remaining terms in (2) represent a linear and a nonlinear viscous effect. All the coefficients k fi are constant and positive. The static friction model in (2) is able to approximate the friction torque experienced in practice (see [16] , [21] and [19] ).
1) Shaft moment of inertia and friction torque identification:
To identify the friction torque and the shaft moment of inertia in (1), we ran tests with different motor torque profiles and various towing carriage speeds. To obtain the desired motor torque, the built-it torque controller in the motor was used. The parameters k fi and J m are grouped in the vector
Defining z = Q m − Q p , θ is computed over a time-series of N samples as
where the subscript i indicates the i-th sample. The parameters obtained are shown in Table II . 
Fig . 4 shows the friction torque computed from measurements and the identified model. The friction exhibits a nonlinear behavior and is affected by the temperature in the gears, bearings and oil. The friction presents also a hysteresis effect with less friction when reducing the shaft speed than for increasing shaft speed. This may be due to the inertia of the volume of water surrounding the propeller that it is accelerated when increasing the propeller speed and decelerated when decreasing the shaft speed. This hysteresis effect is not very significant for our propeller system and has been neglected. The friction torque is quite large in our system. Losses due to the friction torque are generally more significant for small propeller systems, e.g. for underwater vehicles and for model scale tests, than for full scale propellers for ships.
Remark 1: For full scale ships, where the propeller torque measurement is not available, i.e. z in (4) cannot be computed, the friction torque can be obtained from the motor torque measurement by performing test with the propeller in air. In this case the propeller load torque is zero and the motor torque corresponds to the friction torque.
B. Propeller thrust and torque
Modeling the thrust and torque produced by a propeller is a complicated task, since it is difficult to develop a finitedimensional analytical model from the laws of physics. This is mainly due to the difficulties in modeling the flow dynamics, especially when the flow is not uniform [22] , [16] , [21] , [23] , [24] , [25] . Besides that, the thrust and torque depend also on the propeller geometrical parameters (i.e. propeller diameter, pitch angle, etc.), the non-dimensional parameters advance number J and Reynolds number, the propeller submergence and the environmental state (waves, currents, etc.). A common practice is the use of simplified models which are chosen based on the propeller application. See for example [6] , [12] , [9] , [26] , and the references therein. 
where ρ is the density of the water and D is the propeller diameter. The advance number is computed as
where u a is the advance speed. The K T and K Q curves are measured for a range of the propeller advance number J, usually in a cavitation tunnel or a towing tank [28] . When the propeller operates in water that has been disturbed by the passage of the hull, it does not longer advance relatively to the water at the speed of the ship u, but at some different speed u a . The advance speed is very difficult to measure and an estimate of u a is usually computed using the steady-state relation
where w f is the wake fraction number, often identified from experimental tests (see e.g. [29] ). Figure 5 shows a sketch of a vessel with the velocities involved. The surge vessel speedover-ground is defined by U while u a is the longitudinal water speed relative to the propeller disc. The undisturbed water velocity u u has the same magnitude of the vessel speed but with opposite direction. A measure of the propeller performance is the open-water efficiency, which is defined as the ratio of the produced to the consumed power by the propeller. The propeller efficiency is usually plotted for positive values of J and is computed from (5), (6) and (7) as
To measure the open-water propeller characteristics, we performed tests at different values of the advance number J. To obtain the desired shaft speed ω, the built-in speed controller of the motor was used. In our setup, the housing that contains gear and measurement devices does not create a significant wake and the advance speed u a has been considered equal to the towing carriage speed U. This yields a wake fraction number w f equal to zero. The standard propeller characteristics are plotted in Fig. 6 .
The tested propeller is not symmetric in the thrust production with respect the shaft speed. For positive values of ω the efficiency is higher because the propeller was designed to work mainly at forward vessel speed.
Remark 2: A thrust controller could be implemented by employing the value of thrust, computed using the K T curve through (5), in a feedback loop. To obtain the advance number J, the values of the advance speed u a could be derived from the vessel speed U through (8) and the measurement of shaft speed ω. In [8] , it has been experimentally demonstrated that the value of thrust obtained directly from K T curve is accurate only in steady-state conditions and for shaft speed and advance speed with the same signs. This approach would furnish poor control performance in transients and when operating in the 2 nd or 4 th quadrant, where the propeller inflow is not uniform.
2) Torque loss model:
The propeller load torque Q p is represented by the torque produced at zero advance speed, assuming that the propeller is deeply submerged and not subjected to losses, plus a term Δ q (to be estimated) that incorporates the torque losses [12] :
The terms G Qp and G Qn are positive constants, typically of different magnitude due to the propeller asymmetry. The term Δ q is considered as a time-varying parameter represented by a Markov-like process with positive time constant τ driven by (a) a bounded noise signal w:
The noise w represents the contribution of all the phenomena that can generate torque losses. This torque loss model does not have a structure related to the propeller hydrodynamics and geometry, but it is generally used for the estimation of unknown variables. This is motivated by the fact that physical models often involve variables which are not measured or contain large uncertainty. In [16] and [25] for example, accurate dynamic models of thrust and torque have been developed. However, both models use measurements of the advance speed and the axial flow velocity (the speed of the water at the propeller disc), which are difficult to measure on a real vessel. Grouping the nonlinearities in the function ψ(ω), the shaft dynamics (1) can be rewritten as:
where Δ q is given by (11) ,
and
V
. OBSERVER FOR TORQUE LOSS ESTIMATION
A nonlinear observer with gain l 1 and l 2 is designed to estimate the torque lossΔ q and the shaft speedω =ŷ :
The motor torque Q m and the shaft speed ω are assumed to be measurable. For electric motors, the motor torque can be measured quite accurately and it is computed from the motor current. For diesel engines, the motor torque can be measured with strain gauges on the motor shaft [30] or by measuring the fuel index. The signal obtained with this last approach may be less precise [31] and it could degrade the accuracy of the estimates. Defining the observer error variables asω = ω −ω andΔ q = Δ q −Δ q , from the model in (11)- (14) and the observer in (15)- (17), the observer error dynamics becomes: 
whereẽ o = [ωΔ q ] T and
If the assumptions A1 and A2 hold, then Q 1 is positive definite and the origin of (18) and (19) , with w = 0 ∀t, is uniformly globally exponentially stable (UGES) since:
When w = 0 for some t, (21) can be written as follows:
where 0 < θ < 1. For any ẽ o such that
where ρ 1 (·) is a (linear) class K function, we obtain:
From Theorem 4.19 of [32] , the system of (18) and (19) is ISS with respect to w. The estimatesω andΔ q can be used to compute an estimate of the propeller torque from
A. Observer tuning
The observer gains l 1 and l 2 are chosen in order to obtain the observer dynamics faster than the system dynamics and, at the same time, to obtain low noise estimates. The time constant in (16) is obtained from a sensitivity analysis on the observer estimation errors with respect to τ . Running the observer with the gains l 1 = 3 and l 2 = 80 on data acquired from different tests carried out in open-water condition at different advance speeds and shaft speeds, we derive the bar plot of Fig. 7 . The graph shows the root mean square error (RMSE) between the observer estimates and the measurements. The value of the time constant has been varied between 0.002 and 100. The accuracy of the estimates increases by increasing τ, and it does not change for value of τ greater than 1. The torque estimation error follows the trend of the shaft speed estimation error. This allows us to choose the time constant based on the speed error, since the torque measurements is not available in real cases. The time constant has been chosen as τ = 10. With the chosen observer gains and time constant, the inequalities of Proposition 3 are satisfied with a 11 = 1 and a 22 = 2. 
VI. THRUST CONTROLLER
A sketch of the overall control system is depicted in Fig.  8 . When the propeller is deeply submerged, losses of thrust are mainly caused by variations of advance speed, interaction between the propeller and the vessel hull, interaction between propellers, and cross flows. The main idea of the controller designed for calm/moderate seas is to compensate thrust losses sensed through the torque loss observer by varying the shaft speed to fulfill the required thrust. In extreme sea states, however, the propeller may operate partially in air due to the motion of the vessel in waves, and large losses are experienced. This is caused by ventilation and in-and-out of water effect, as documented by experimental test in [17] , [18] , and [8] . When trying to compensate for high thrust losses, the value of the desired shaft speed is increased to large values. When the propeller rotates partially in air, it might not be possible to fulfill the thrust requirements, even at the maximum shaft speed available. Large variations in the propeller shaft speed can cause wear-and-tear of the mechanical parts, and also produce large peaks in the power consumption.
The anti-spin algorithm avoids an excessive increase of the propeller shaft speed by setting the speed reference to a constant value when high torque losses are detected. The detection procedure is based on the estimated value of the torque loss. When the loss situation is considered over, the controller uses again the shaft speed reference computed for calm/moderate seas.
A. Controller for calm/moderate seas
We design a shaft speed controller which is derived as follows: first a desired torque Q p d is computed from the desired thrust T p d using the standard propeller characteristics; second a desired shaft speed is computed from Q p d and the estimated lossesΔ q . (5) and (6) in combination with the desired propeller thrust, the desired propeller torque Q p d is computed as:
1) Reference generator: Using the relations
where
To compute G QT (Ĵ), the estimateĴ of the advance number is derived employing the estimated propeller torque. UsingQ p instead of Q p in (6) we compute the estimateK Q . Combining the value ofK Q with the K Q curve, see Figures 9 (a) and 10 (a), we can derive the value ofĴ. As shown in the two figures, the K Q curve in not invertible in all the range of J. This is solved by approximating the value of G QT (J) by G QT (0) for values of J in the zone 2 defined in Figures 9 and 10 . When the propeller works at negative values of J, the advance speed u a and the shaft speed ω have opposite signs. The propeller tries to reverse the inlet flow and a recirculation zone, often called a ring vortex occurs [33] . This is due to the interaction between the inlet flow and the reversed flow. The flow then becomes unsteady and can cause quick variations of the propeller load [19] and consequently oscillations of K Q . In this situation, even a constant value of the desired thrust could result in quick variations of Q p d if the actual value of K Q is used in 27. This may result in a high control activity, as experienced in [12] , that may cause wear-and-tear of the system. This is avoided by approximating G QT (J) by a constant in zone 1in 
Remark 4:
On full scale vessels, the open-water characteristics obtained in a model scale is expected to be corrected for scale effects [34] .
Remark 5:
If the propeller open-water characteristics are not available, Computational Fluid Dynamics (CFD) techniques can help to derive it from the 3D drawing of the propeller, see for example [26] and references therein.
In order to track the desired propeller torque Q p d , a shaft speed controller is designed. Given the desired propeller torque Q p d , the desired shaft speedω d is computed by inverting (10) and using the estimated torque lossΔ q :ω
We design a controller to track the desired shaft speedω d . To generate a smooth reference signal ω d andω d , we employ a second order low pass filter with cutoff frequency equal to ω c and relative damping factor ξ:
The filter is also needed because the time derivative ofω d , used in the feed-forward term of the controller, is infinity when
2) Control law: We employ the following control law that includes a feed-forward part, a proportional action and an integral action to ensure convergence in presence of constant disturbances:
(30) Defining the control error e 1 = t 0 (ω(τ ) − ω d (τ ))dτ and e 2 = ω − ω d , and inserting the control law (30) in (11)- (14) we obtain the following control error dynamics:
(31) Proposition 6: If the gains γ, k I and k P are chosen such that
, then the origin of the overall error dynamics (observer + controller) is ISS with respect to w.
Proof: First we considerΔ q = 0 and later we investigate its effect on (31) . Let the Lyapunov function candidate be
where e = [e 1 e 2 ] T and
is positive definite. This implies p 11 > 0 and p 22 > 0. Taking its time derivative along the trajectory of the system (31) we obtaiṅ
Jm γ + 2γ 
Since ψ(·) belongs to the sector [0, ∞] and is not decreasing, the last term in (34) is always negative since
where g = ψ, a = ω, b = −γe 1 + ω d . Choosing
we cancel the cross term in (34) . This is possible because, due to the assumptions B2 and B3 of proposition 6, the term inside the parenthesis in (36) is positive. Using (35) and (36), (34) becomesV
(38) is positive definite if assumptions B1, B2 and B3 of proposition 6 are satisfied. The error dynamics (31), withΔ q = 0 ∀t, is thus UGES.
WhenΔ q = 0 for some t, (37) can be written as follows:
where 0 < θ < 1. For any e such that
where ρ 2 (·) is a (linear) class K function, we obtain:
From Theorem 4.19 of [32] , the system of (31) is ISS with respect toΔ q and the control error is uniformly ultimately bounded by ρ 2 sup t>t0 Δ q . Furthermore the bound of the control error decreases when increasing the control gains, since it results in an increase of the value of λ min {Q 2 }. The observer/controller error dynamics can be considered as a cascaded system where the observer errorΔ q drives the control error dynamics. The observer error dynamicsΔ q is bounded and ISS with respect to w, implying that the control error dynamics e is bounded. Due to the boundness of T p d and from the relation (26) between thrust and torque, also Q p d is bounded. The torque loss estimation Δ q is also bounded due to the property of the observer, therefore the desired shaft speedω d and thus ω d are bounded. This last condition implies boundness of the shaft speed ω since e is confined. The propeller thrust is thus bounded and converges to a ball around the desired thrust.
B. Anti-Spin Strategy 1) Large Loss Detection:
To determine if the propeller is affected by large losses, similarly to [20] , we monitor the ratio between the estimated propeller torque given by (25) and the nominal torque Q pn computed from the K Q coefficient through (6) . The ratio, often termed as the torque reduction coefficient, is written as [20] 
The weighting function α(ω) with positive tuning gains k and p is used to avoid the singularity ofQ p /Q pn at ω = 0. The nominal value of K Q in (43) is derived from the K Q characteristic using the nominal value of J computed from (7) employing the value of the advance speed u a derived from (8) . Large propeller loss is detected when the value ofβ Q becomes smaller than a threshold value β v,on . When the value ofβ Q becomes larger than β v,of f , the propeller is considered to operates in the normal condition. The loss state, described by the discrete variable ν, is defined as follows:
The hysteresis in the detection is included in order to increase its robustness with respect to measurement noise that could affect theβ Q estimate. When the propeller works in the 2 nd or 4 th quadrant of the plane (u a , ω), the nominal torque model (43) may be inaccurate (see [8] an for example) leading to jumps in the loss state. For this reason the loss state is held on for a minimum time T hold .
2) Anti-spin Action: The desired shaft speed is redefined as:
The value of ω vopt is chosen according to an optimization criterion based on the expected thrust production in order to maximize the thrust. Other criteria may include power peaks and the torque oscillations. This is subject to further research.
VII. EXPERIMENTAL RESULTS
This section presents experimental results of tests carried out in order to compare the proposed control scheme with the conventional shaft speed and torque controllers. These tests are performed in undisturbed water in order to reproduce calm sea state. To validate the anti-spin algorithm, tests are performed by moving the propeller along its vertical axis with a sinusoidal motion. This is done to simulate the motion that a propeller may experience in extreme sea states. This test does not reproduce entirely extreme sea conditions but it may be a valid indication of the performance of the proposed anti-spin algorithm when large torque losses occur. The observer and controller parameters are reported in Table III. In order to simulate a realistic scenario the towing carriage speed is first positive when the thrust is positive and then become negative when the thrust is reversed. The measured propeller thrust and torque, the shaft speed, the motor torque, the motor power and the submergence signals, shown in the next figures, have been filtered with a low pass filter with cutoff frequency of 15Hz. The quadrants in which the propeller operates, described in Table IV , are often defined by the advance angle β [27] , computed as
A. Calm sea condition test
In this test the propeller was submerged at h/R = 4, where h is the propeller submergence, in order to avoid losses due to ventilation. The proposed controller, denoted as the thrust controller, is compared to the conventional shaft speed and torque controllers. Experimental validation of shaft speed and torque control has been presented in [12] and in [9] . Both the conventional controllers use the nominal values of the propeller characteristics for J = 0. For the shaft speed controller, the demanded shaft speedω d is calculated as
To control the shaft speed, the control law (30) and the reference filter in (29) are employed. For a torque controller with friction compensation, the demanded motor torque is computed as
Figures 11 and 12 show data from an experiment where the demanded thrust has a trapezoidal form with amplitude T p d = ±80 N. The advance speed u a , shown in 11 (i), varies from 0 to ±1 m/s. The thrust T p obtained with the proposed controller, Fig. 11 (a) , tracks the desired one more precisely than the ones obtained with the conventional torque and shaft speed controllers, shown respectively in Fig. 11 (e) and (g). The propeller torque and its estimate are plotted in Fig. 11 (c) showing good agreement. The propeller shaft speed, the motor torque, and the advance angle β are shown in Fig. 12 . For the thrust controller and conventional shaft speed controller, the measured shaft speed follows precisely the desired one, proving the effectiveness of the control law (30) .
The thrust controller, through the loss estimation, is able to counteract the losses due the changes in the advance speed. The conventional torque controller it is able to produce the required torque, but it does not compensate for the variations in the thrust/torque gain G QT (J). The conventional shaft speed controller furnishes the worst results in terms of thrust production showing that the thrust is very sensible with respect to variations in the advance speed.
Similar results are obtained when comparing the three controllers when the desired thrust has amplitude T p d = ±45 N. The data from this experiment are plotted in Figures 13 and  14 . The propeller was moved through the water at the same advance speed of the previous test. This would correspond to a vehicle with less hydrodynamic drag since the thrust is almost halved compared to the first test. In this case the propeller operates at larger values of the advance angle J where losses due to the advance speed are greater. For this reason the thrust controller, compared to the torque and shaft speed controllers, performs even better than in the first test.
It is possible to notice, especially for this second test, that the thrust produced when employing the thrust controller presents a small drop just after the point where the desired thrust reaches ±45 N. In that region the advance number J increases, moving the working point from zone 2 to zone 3 of Figures 9 and 10 . The drop is due to the approximation adopted for G QT (J) in the crossing between the two zones.
The improvement in thrust tracking obtained employing the thrust controller, compared to the conventional propeller controllers, is promising for improved vehicle performance in terms of positioning and speed control.
Remark 7: The vehicle performance is also influenced by the vehicle controller that computes the required propeller thrust T p d . If the vehicle controller is very fast the influence of the propeller controller is less significant.
Remark 8: A vehicle with large hydrodynamic drag will require large thrust, and therefore large shaft speeds at low vehicle speed. The propeller will work at low values of J and hence near to the nominal condition J = 0, where the thrust, torque and shaft speed controllers perform equally well.
Remark 9: In the case where the propeller shaft speed measurement is highly corrupted by noise, forcing the use of small control gains, the transient performance of the shaft speed controller could be improved by employing resetting procedures. See, for example, [35] and [36] .
Remark 10: The thrust controller has not been thoroughly tested when the propeller is subject to cross flows. This situation occurs when the vehicle turns, it is subject to ocean currents, or an azimuth thruster rotates. The thrust/torque relationship (26) is accurate for variations in the advance speed but does not account for cross flows. However, experiments conducted in [37] demonstrated that this approach gives acceptable results also for cross flows. Experiments showed that, also in that case, the thrust controller still performs better than the conventional controllers. In order to further improve the performance of the proposed controller, the effect of transversal flows due to turning, could be included by adding and extra variable in the thrust/torque relationship (26), e.g. the vessel yaw rate. The effect of ocean currents will be difficult to counteract directly in the local thruster controller since they are not usually measured. They are typically estimated as slowly varying parameter in the high level vessel controller.
Remark 11: For a practical implementation of the proposed controller, a safety limit should be included as motor torque limit or power limit, for example. Also fault monitoring and redundancy should be considered in order to improve the system reliability. See [7] , [31] and references therein for examples.
Remark 12: For vessel traveling in waves, the vessel motion is often characterized by oscillations in all 6 DOF. This motion creates a continuous variation of the propeller inflow, causing fluctuation of the thrust and torque. The full compensation of these fluctuations would lead to unnecessary wear and tear of the thrusters and increase in fuel consumption. This can be avoided with a reduction of the torque loss observer gains, reducing the high frequency content of the torque loss estimate.
B. Large thrust loss test
This experiment is carried out to compare the behaviour of the thrust controller with and without anti-spin. Fig. 15 shows data from the test with the anti-spin algorithm enabled. The value of ω vopt in (44) has been set equal to 45 rad/s for positive ω and 54 rad/s for negative ω. This choice is done since the produced thrust is asymmetric with respect to the shaft speed. In Fig. 15 (i) the measured propeller torque and its estimate are plotted showing good agreement. Part (h) of the same figure shows the torque loss reduction. The loss state is plotted in Fig. 15 (g) together with the propeller submergence. When the propeller moves toward the water surface (the submergence decreases), the drop of the propeller torque (large loss) is detected through the torque loss reduction. In Fig. 15 (c) we can notice that before the large loss is detected, the controller increases the shaft speed to compensate for the torque loss but when the large loss is detected the desired speed is set to the ω vopt value. Also in this situation, despite the shaft load variation, the shaft speed controller furnishes very good performance.
A test is performed under similar conditions with the antispin disabled. The data are shown in Fig. 16 . During the large loss incident the shaft speed increases quickly to the maximum value which was set to 75 rad/s. Comparing these results with the test employing the anti-spin, we can notice that without anti-spin the propeller thrust fluctuates more and, even if the shaft speed is almost double, the produced thrust is practically equal to the one obtained when the anti-spin is enabled. Figure  17 shows the measured motor power P m for the two tests. The controller without anti-spin presents large power peaks that may not be tolerated by the power system. Table V presents the mean values of the propeller thrust and the consumed power, and an energy efficiency number. The mean thrust produced without the anti-spin strategy is slightly larger than with the anti-spin. This is due to the thrust spikes that occur when the ventilation incident is terminating, where the shaft speed is at the maximum value and the propeller submergence increases toward deeply submerged values. Large thrust spikes, avoided by using the antispin algorithm, could increase the wearand-tear of the mechanical parts of the system. The energy efficiency number is given by the ratio between the mean power generated by the propeller and the mean motor power:
The controller that employs the anti-spin algorithm, increases the energy efficiency of about 20% with respect the case where the anti-spin is not employed. 
VIII. CONCLUSION
In this paper a nonlinear thrust controller for a fixed pitch marine propeller with torque loss estimation and an anti-spin strategy has been presented. The controller can operate in the four-quadrant plane composed by the shaft speed and the vessel speed and is a combination of a thrust controller designed for calm/moderate seas and an anti-spin strategy to reduce power peaks and wear-and-tear in extreme sea conditions. The anti-spin algorithm lowers the shaft speed once high torque losses are detected and increases the shaft speed to normal when the loss situation is considered over. The ventilation incident is detected by monitoring the torque losses, estimated with a nonlinear observer. Experiments carried out in undisturbed water, showed improved capability in thrust tracking when compared to the conventional torque and shaft speed controllers. Moreover, in presence of large thrust losses, the anti-spin algorithm allows an increase of the energy efficiency and a reduction of the power fluctuations with respect the case when the anti-spin is not employed.
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